Though microbially safe, concerns have been raised about the genotoxic/mutagenic quality of solar-disinfected drinking water, which might be compromised as a result of photodegradation of polyethylene terephthalate (PET) bottles used as SODIS reactors. This study assessed genotoxic risk associated with the possible release of genotoxic compounds into water from PET bottles during SODIS, using the Ames fluctuation test. Negative genotoxicity results were obtained for water samples that had been in PET bottles and exposed to normal SODIS conditions (strong natural sunlight) over 6 months. Under SODIS conditions, bottles were exposed to 6 h of sunlight, followed by overnight room temperature storage. They were then emptied and refilled the following day and exposed to sunlight again. Genotoxicity was detected after 2 months in water stored in PET bottles and exposed continuously (without refilling) to sunlight for a period ranging from 1 to 6 months. However, similar genotoxicity results were also observed for the dark control (without refill) samples at the same time-point and in no other samples after that time; therefore it is unlikely that this genotoxicity event is related to solar exposure.
INTRODUCTION
The importance of genotoxic testing of drinking water is justified by epidemiological studies that have shown a link between increased cancer risk and genotoxicity in drinking water, particularly during repeated and extended use (Koivusalo et al. 1995; Haider et al. 2002; Lah et al. 2005a ). The potential presence of genotoxins in water results not only from anthropogenic activities such as pharmaceutical, biocidal and industrial chemical contamination, but also from water treatment methods (Lah et al. 2005b) . Disinfection of drinking water to remove and inactivate pathogens by chlorination, ozone and UV-irradiation have been shown to release disinfection by-products that were found to be potentially genotoxic on testing with short-term mutagenicity tests (Zoeteman et al. 1982; Haider et al. 2002) .
Solar disinfection (SODIS) is a water treatment method
that has been demonstrated as an appropriate point-of-use water disinfection method. The SODIS technique involves filling transparent containers with biologically contaminated water and exposing the containers to direct sunlight.
The water is considered microbiologically safe to drink after a minimum of 6 h exposure (Acra et al. 1980; McGuigan et al. 1998; Dejung et al. 2007) . It is recommended that solar disinfected water is consumed within 24 h of exposure.
Most SODIS bottles are made from PET because of its robustness, efficient transmittance of UV-A, light weight and ease of availability in most communities (Dejung et al. genotoxic substances. Until recently this risk has remained unexamined.
Numerous studies have been conducted on PET because of its increased use as a packaging and bottling material for water, beverages and food. Previous studies explored the effect of consumer use, long-term storage and storage conditions on the migration of compounds from PET into water and food (Nawrocki et al. 2002; Monturi et al. 2007; Morrison et al. 2008) . The thermal degradation products of PET identified include: formaldehyde, acetaldehyde, acetone, CO 2 and water (Villian et al. 1994; Nawrocki et al. 2002; Mutsuga et al. 2006 ) and plasticisers such as di(2-ethylhexyl)phthalate, di(2-ethylhexyl)adipate, phthalic acid, dimethyl phthalate, diisobutyl phthalate and dibutyl phthalate (Monturi et al. 2007) . Analytical methods such as high performance liquid chromatography (HPLC), gas chromatography (GC) and mass spectrometry (MS) proved invaluable in identifying and quantifying these compounds. However, the biological effects and toxicological relevance of these compounds at varied concentrations remains uncertain (Evandri et al. 2000) ; some compounds might be released at high concentrations but not necessarily have a genotoxic effect, while others might be found at low concentrations and have a highly mutagenic effect.
Therefore, short-term genotoxicity tests were conducted to determine the genotoxic risk presented by leaching of compounds from PET. Results obtained varied according to the genotoxic test used, physicochemical conditions to which the PET bottles were exposed, the type of water stored and the PET bottle used (Ames et al. 1975) .
Using the prokaryotic Ames test (in solid agar medium) with Salmonella typhimurium (TA98 and TA100 strains), De Fusco et al. (1990) found that slight mutagenic activity occurred only in mineral water stored for 1 month. Higher mutagenic activity was observed for mineral water that was stored in bottles exposed to sunlight compared with those in the dark (De Fusco et al. 1990) . A similar study conducted by Monarca et al. (1994) revealed no mutagenic activity in the mineral water after 1 month of storage. Evandri et al. (2000) and Biscardi et al. (2003) used two plant-based genotoxic assays, Allium cepa and Tradescantia/micronuclei, respectively, to evaluate migration of mutagens from PET bottles. These plant assays have been used to test genotoxicity in drinking water and can be used for unconcentrated samples as well. Evandri et al. (2000) showed that genotoxic activity was present in water samples after 8 weeks regardless of light exposure. Biscardi et al. (2003) observed mutagenic behaviour not only in water samples without light exposure during mineral bottle storage but also from pipes supplying water for the bottling process.
None of these exposure conditions (temperature and sunlight) resembled those experienced by PET bottles during SODIS use. The Comet assay is a DNA-based genotoxic assay. It is a sensitive method used to detect lowlevel damage in DNA due to genotoxins and has been used to test surface water and by-products of drinking water disinfection (Biscardi et al. 2003; Lah et al. 2005a,b) .
The short-term mutagenicity test used in this study was the Salmonella Ames fluctuation test developed by Green et al. (1976) and is a more sensitive, liquid-based version of the Salmonella Ames test developed by Ames et al. (1975) .
The Ames test is well validated, widely used and allows for comparison with the results of researchers who commonly use the Ames test as the sole assay for testing genotoxicity in water (Lah et al. 2005a,b) . In the fluctuation assay a greater amount of sample volume can be tested without the need for concentration, thereby avoiding concentration methods that might change the original genotoxicity of the water sample (Monarca et al. 1985; Stahl 1991; Le Curieux et al. 1996) . In addition, testing large volumes of water will result in a more accurate estimate of the genotoxic risk to which a SODIS user will be exposed since SODIS users do not concentrate their water before drinking. It is recommended that SODIS users consume the disinfected water from the PET bottles within 24 h of the end of exposure.
The S. typhimurium strain used for the mutagenicity testing was TA100. The TA100 strain detects a point mutation which involves the substitution of base pairs and is specific to 
MATERIALS AND METHODS

Samples
Two litre volumes of mineral water in PET bottles were purchased in Almería, Spain, in May 2007, and were used for the duration of the experiment. The main physicochemical parameters of the water were listed on the labels of the bottles. We verified the given concentrations using ion chromatograph methods, running water samples from two separate bottles in duplicate. Cation concentrations were determined with a Dionex (Dionex Corporation, Sunnyvale, California) DX-120 ion chromatograph equipped with a Dionex Ionpac CS12A 4 £ 250 mm column at a flow rate of 1.2 ml min 21 . Anion concentrations were determined with a Dionex DX-600 ion chromatograph using a Dionex Ionpac AS11-HC 4 £ 250 mm column. The gradient programme for anion determination was pre-run for 5 min with 20 mM NaOH, an 8 min injection of 20 mM of NaOH, and 7-min with 35 mM of NaOH, at a flow rate of 1.5 ml min 21 . (1)).
The typical variation in UV-A irradiance during the exposure period is illustrated in Figure 1 Two sets of samples were prepared: (i) SODIS protocol (daily-refill) samples: In order to simulate the way in which PET bottles are used during SODIS, three 2-l bottles filled with distilled water were exposed to sunlight for 6 h and then stored in the dark. The following day (approximately 24 h after initial exposure to sunlight), the bottles were emptied, refilled and then exposed to the sun again. Exposure occurred on 5 consecutive days of each week. Over weekends, bottles were emptied and kept in the dark until the following Monday. The water was collected after each month and tested. Controls were prepared and maintained in a similar manner but were kept in the dark rather than exposed.
(ii) Continuous exposure (no-refill) samples: Twenty-one sealed 2-l mineral water bottles were placed outside for exposure in the manner described previously. and bromocresol purple, sterile distilled water and S. typhimurium TA100. Un-concentrated water samples were added to the reaction medium and the suspension was then distributed into each well of a 96-well microplate (200 ml per well). Plates were incubated at 378C for 5 days in sterile Ziploc bags to avoid evaporation. All yellow, partially yellow or turbid wells were considered positive, and all purple wells were recorded as negative. For each experiment a blank and two controls were run. The blank (did not contain bacteria) was performed to ensure sterility of the experiment; all wells in the blank were expected to be purple. The positive control was conducted using the standard mutagen sodium azide (0.5 mg/100 ml); all wells were expected to be yellow. DMSO (dimethyl sulfoxide) was used as a negative control to estimate the number of spontaneous reversions that would occur in the bacterial population.
Data analysis
The number of positive (yellow) Statistical significance was determined using the chi-square (x 2 ) analysis illustrated by Gilbert (1980) .
UV measurements of PET bottles
After analysis of the contents of the plastic bottles, 2 £ 3 cm sections were cut from the parts of the bottles that received the most sunlight. There were three samples for every time period, as bottles had been exposed to the sun in triplicate.
Plastic samples were then covered with tissue paper to avoid scratching or further scratching in the case of already scratched samples and stored in the dark until ready for analysis. The transmittance of the PET samples was measured using a Unicam spectrometer (Unicam Limited, Cambridge, UK).
RESULTS
The effect of storage time and exposure to sunlight on the genotoxic content of water in PET bottles was examined.
Genotoxicity was not observed in any of the daily-refill samples that were exposed to SODIS conditions or their corresponding control samples regardless of storage time and UV-A dose received (Figures 2a and 3a) . 
DISCUSSION
During solar disinfection, PET bottles are subjected to two physical stresses: exposure to sunlight and an increase in water temperature. As the PET bottles age and are re-used, these factors could lead to a change in structure and composition not only of the PET bottle itself but also any photodegradation products that might migrate from the plastic bottle into the water. We observed the expected decrease in UV transmittance with sunlight exposure time as was also reported by Wegelin et al. (2001) . Nawrocki et al. (2002) report that, at room temperature, carbonyls (formaldehyde, acetaldehyde and acetone) migrated within a 2.5 h period from PET into water.
Acetaldehyde concentrations were higher in newer bottles compared with bottles that were 1 month old. We did not detect genotoxicity in any SODIS protocol (daily-refill)
water samples at any stage during this study (Figure 2a ). This may be due to the escape of volatile compounds into the atmosphere when PET bottles are opened (De Fusco et al. 1990; Monarca et al. 1994; Evandri et al. 2000) . (Monarca et al. 1994) . Evandri et al. (2000) showed genotoxic activity in water samples after 8 weeks of storage both in the dark and in the light, using a plant-based genotoxic assay. In our studies we also detected significant genotoxicity in both the dark and sunlight no-refill samples after 2 months (Figure 3b ). However the mutagenic ratio was higher for the solar-exposed samples (3.1^0.2) compared with the dark controls (2.3^0.2). As no-refill bottles were not opened, the observed genotoxicity might be due not only to non-volatile compounds but also to volatile compounds as well (Evandri et al. 2000) . Furthermore, genotoxicity was not observed after 2 months; it is therefore likely that No indicator organisms were added to the sample bottles in this study to help monitor levels of disinfection.
There is a possibility that organic compounds originating from the destruction of microbial cell membranes and organelles may contribute in some way to the proposed genotoxicity. All of the experiments reported here used sterile distilled water (for the daily refill samples) or the original commercially available mineral water (for the norefill samples) rather than natural waters, in order to eliminate the possibility that the presence of extraneous compounds might interfere with our studies.
CONCLUSION
Our preliminary investigation did not identify any genotoxic risk associated with un-concentrated SODIS water (daily refill). Based on this study, if users apply the SODIS technique correctly, they are unlikely to experience any health hazards from genotoxins generated by SODIS if they replace their bottles every 6 months. Genotoxicity was detected after 2 months in water stored in PET bottles and exposed continuously (without refilling) to sunlight but also in PET bottles stored in the dark after 2 months. These results indicate the need for further study. In particular, an evaluation of the genotoxicity of SODIS water over a range of sample concentrations, for a variety of different PET containers and with a more realistic microbiological profile, would be beneficial. Other intensive genotoxicity assay methods with different genetic end-points such as the Comet assay (DNA damage on human leukocytes) offer interesting alternative investigative routes. There are current plans for studies of this nature and funds will be sourced accordingly.
